Accumulation of mitochondrial electron transport chain (ETC) defects is a recognized hallmark of the age-associated decline in cardiac bioenergetics; however, the molecular events involved are only poorly understood. In the present work, we hypothesized that age-related ETC deterioration stemmed partly from disassociation of large solid-state macromolecular assemblies termed "supercomplexes". Mitochondrial proteins from young and old rat hearts were separated by Blue Native-PAGE, protein bands analyzed by LC-MALDI-MS/MS, and protein levels quantified by densitometry. Results showed that supercomplexes comprised of various stoichiometries of complexes I, III and IV were observed, and declined significantly (p < 0.05, n = 4) with age. Supercomplexes displaying the highest molecular masses were the most severely affected. Considering that certain diseases (e.g. Barth Syndrome) display similar supercomplex destabilization as our results for aging, the deterioration in ETC supercomplexes may be an important underlying factor for both impaired mitochondrial function and loss of cardiac bioenergetics with age.
INTRODUCTION
Mitochondrial decay has been implicated as one of the principal underlying factors of aging [1] [2] [3] [4] [5] [6] . Both significant and subtle alterations in mitochondrial ultrastructure have been observed which correlate with lower electron transport efficiency, increased superoxide appearance, and oxidative damage [7] [8] [9] . Though certainly multifactorial in nature, it is clear that electron transport chain defects are part of the age-associated loss of mitochondrial function [10] [11] [12] [13] [14] . Activities of complexes I, III, and IV reportedly decline with age [3, [12] [13] [14] [15] and many acute mitochondrial-derived diseases show similar, if not more severe, electron transport chain deficits than seen in aging [16] [17] [18] [19] [20] [21] . Thus a central research focus has been to understand the cellular and molecular processes that ultimately lead to electron transport chain defects in mitochondria from aging tissues.
Four large protein complexes comprise the electron transport chain (ETC), which along with the F 1 F O -ATP synthase (complex V), constitute the machinery for converting metabolic energy transiently stored as reduced coenzymes into ATP. Until recently, the prevailing view was that the components of the ETC were distinct entities where rapid, random collisions allowed electron transfer between complexes [22] . However, with the advent of blue native-PAGE (BN-PAGE) technology, there is a growing awareness that the individual components of the ETC may actually exist as large macromolecular assemblies, or so-called supercomplexes [23] [24] [25] . Several biochemical and biophysical lines of evidence support the existence of these supramolecular assemblies [25] [26] [27] [28] [29] [30] , including a proposed three-dimensional structure for a macromolecule composed of complexes I, III and IV with a stoichiometry of 1:2:1, respectively [31] . Although physical evidence for mitochondrial supercomplexes now exists by a variety of techniques outside of BN-PAGE, the ramifications of such large protein supercomplexes on ETC function are not completely understood. In this regard, there have been no studies critically examining age-associated changes to mitochondrial supercomplex levels or alterations to their structural composition. Moreover, there is a paucity of knowledge as to the role that supercomplexes play in the aging mitochondrial phenotype. Therefore, the goal of the present work was to characterize age-dependent changes in supercomplex levels and composition. The aging rat heart was chosen for this analysis as this organ exhibits a significant mitochondrial-driven impairment in bioenergetics [32, 33] , and supercomplexes are readily observed in mitochondria from this tissue [34, 35] .
Using BN-PAGE separation of membrane proteins and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis, this report shows that rat cardiac mitochondria display robust levels of ETC supercomplexes, but most of these assemblies, particularly those of the highest molecular weight, decline significantly with age. Thus, age-associated alterations in certain subtypes of supercomplexes must be considered as part of the etiology of mitochondrial alterations in the aging rat heart.
MATERIALS AND METHODS

Materials
6-Aminohexanoic acid and digitonin were purchased from Acros-Organics (Morris Plains, NJ, USA), and n-dodecyl-β-D-maltoside from Calbiochem (San Diego, CA, USA). Sucrose, Dmannitol, MOPS, Tricine, Tris HCl, Bis-Tris, subtilisin A, acetonitrile, ethylene glycol tetraacetic acid (EGTA), ethylenediaminetetraacetic acid (EDTA), KCl and other salts were from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were reagent grade. Sequencinggrade modified trypsin was purchased from Promega (Madison, WI, USA). Coomassie G-250 and Bio-Safe Coomassie-G250 were from BioRad (Hercules, CA, USA). Mitochondrial complexes were detected using monoclonal antibodies against the following subunits: 39 kDa of complex I, 70 kDa of complex II, core 2 of complex III, subunit I of complex IV, and subunit α of complex V (MitoSciences, Eugene, OR, USA).
Ethical treatment of vertebrate animals
Young (5 months) and old (24 months) male Fischer 344 rats were obtained from the National Institute on Aging animal colonies. The animals were housed in approved facilities at the Linus Pauling Institute at Oregon State University and maintained by the Department of Laboratory Animal Resources. All procedures and animal handling were in keeping with approved institutional animal care and use guidelines.
Isolation of mitochondria
Heart interfibrillar mitochondria from young and old rats were isolated according to the protocol described by Palmer et al. [36] . One noted change from this method is the use of subtilisin A instead of nagarse to release mitochondria from the myofibrils, as the latter compound is no longer commercially available. All steps of the isolation were performed on ice or at 4°C. Protein content was determined by the Lowry method using bovine serum albumin as the standard (total protein kit from Sigma-Aldrich, St. Louis, MO, USA).
Separation of electron transport supercomplexes by BN-PAGE
Separation of electron transport supercomplexes was performed using BN-PAGE according to the protocol described by Wittig and Schagger [37, 38] . Mitochondrial membranes were solubilized with digitonin in a buffer composed of 750 mM 6-aminohexanoic acid, 50 mM Bis-Tris and 0.5 mM EDTA, pH 7.0 at 4°C. A digitonin-to-protein ratio of 8:1 (w/w) was empirically determined to be optimal for solubilizing mitochondrial membranes but maintaining mitochondrial supercomplexes. Following solubilization, samples were centrifuged for 20 min at 12000 × g at 4°C. Coomassie G-250 was added to the resulting supernatants using a detergent-to-dye ratio of 8:1 (w/w). Proteins (100 μg aliquots per lane) were separated on a NativePAGE Novex 3-12% Bis-Tris gradient gel (Invitrogen, Carsbad, CA, USA). In order to prevent an artifactual difference in the density of protein bands due to the position of lanes in the gel, samples were loaded following an alternating sequence between mitochondria from young versus old animals. Following electrophoresis, protein bands were visualized using Bio-Safe Coomassie-G250. A gel imaging system (Alpha Innotech, San Leandro, CA, USA) was used to digitize gel images and the densitometric in-gel quantification of bands was performed using ImageJ (National Institutes of Health).
Separation of individual electron transport complexes by BN-PAGE
In order to control for differences in protein-loading as well as to establish a means to quantify the levels of individual ETC complexes, n-dodecyl-β-D-maltoside (DDM) was used to solubilize mitochondrial membranes. Solubilization with DDM allows for separation of individual complexes rather than retaining ETC supercomplexes [23, 37] . A DDM-to-protein ratio of 2:1 (w/w) was empirically determined to optimally separate ETC complexes in their individual forms. Mitochondrial membranes were solubilized in a buffer composed of 750 mM 6-aminohexanoic acid, 50 mM Bis-Tris and 0.5 mM EDTA, pH 7.0 at 4°C. With the exception of DDM for membrane solubilization, all other conditions for BN-PAGE were the same as described for separation of electron transport supercomplexes (see above).
Identification of mitochondrial supercomplexes by nano-LC matrix assisted laser desorption ionization tandem mass spectrometry (MALDI-MS/MS)
Identification of proteins comprising individual bands on BN-PAGE gels were made using LC-MALDI-MS/MS analysis according to an adapted protocol from the method described by Fandiño et al. [39] . Prior to MALDI-MS/MS analysis, peptides were separated by nano-LC (column: PepMap 100, C-18, 3 μm, 100 Å, 75 μm i.d. × 15 cm, Dionex Corporation, Sunnyvale, CA, USA. Flow rate: 260 nl/min) and were spotted on 144-well MALDI target plates. Analysis of peptides was performed using a 4700 Proteomics Analyzer MALDI-TOF/TOF mass spectrometer (Applied Biosystems, Carlsbad, CA, USA). MASCOT (Matrix Science, Boston, MA, USA) was used to search the MS/MS data against the Swiss-Prot database (taxonomy rodentia) from which protein subunits of the oxidative phosphorylation system (OXPHOS) complexes were identified. Protein hits were considered significant with a significance threshold of p < 0.05 for peptide fingerprint search (i.e. a peptide match has less than 5% probability of being a random event), using an ion cut off score equal to 20. Searching of a decoy database resulted in a false positive discovery rate of less than 5%.
Identification of mitochondrial complexes by Western blot
Following the electrophoretic separation of proteins (30 μg of total protein added per lane), gels were transferred onto PVDF membranes (Immobilon Millipore, Billerica, MA, USA). Immunodetection of each OXPHOS complex was independently performed. Mitochondrial complexes were detected using monoclonal antibodies against the following subunits: 39 kDa of complex I, 70 kDa of complex II, core 2 of complex III, subunit I of complex IV, and subunit α of complex V.
Statistical analysis
All results were analyzed using a two-sided two-sample t-test. Differences were considered statistically significant at p < 0.05. When performing the search of the MS/MS data using MASCOT, peptide matches were considered significant with a significance threshold of p < 0.05 for peptide fingerprint search (i.e. a peptide match has less than 5% probability of being a random event). Figure 1A shows the separation pattern of proteins by BN-PAGE of DDM-solubilized rat heart interfibrillar mitochondria. From the protein separation achieved, individual OXPHOS complexes were identified in mitochondria isolated from both young and old rat hearts. To investigate potential age-related differences in the abundance of electron transport complexes, protein content of the Coomassie-stained bands was analyzed using standard densitometric methods (see Materials and Methods). Because complex II is not associated with supercomplexes in cardiac mitochondria [23, 30, 31, 34] , it was chosen as a means to normalize against differences in protein loading. As shown in Figure 1B , no significant differences (p > 0.05) in the levels of complexes I, III 1 and IV were evident in mitochondria isolated from old rats relative to young controls. Because of the potential for contaminating proteins to comigrate with ETC complexes, Western blot analysis was also used as to confirm the densitometric results (Fig. 1C) . Using antibodies specific for each complex, no significant differences (p > 0.05) in the levels of any complex was evident with age ( Fig. 1D) . Thus, aging does not result in changes to levels of any individual electron transport complex.
RESULTS
Levels of individual ETC complexes do not change in the aging heart
Separation of rat cardiac mitochondrial supercomplexes by BN-PAGE and LC-MALDI-MS/MS analysis
Solubilization of mitochondrial membranes with digitonin versus DDM resulted in a more complex separation profile of proteins by BN-PAGE. Protein bands of very high mass were observed (S 1 to S 4 , Fig. 2) , which suggested the presence of supramolecular assemblies. Careful removal of these protein bands followed by LC-MALDI-MS/MS analysis showed that complexes I, III, and IV were constituents of these high-mass protein bands (Fig. 2) . Thus, electron transport supercomplexes were identified in heart interfibrillar mitochondria. As multiple high molecular weight protein bands were observed using BN-PAGE, our data further suggest the presence of supercomplexes composed of complexes I, III and IV with differing stoichiometries. Another protein assembly comprising complexes I and III was also observed (designated "S C " in Fig. 2 ). There is a potential for complex V to also be associated with this particular supercomplex, but because of poor band separation by BN-PAGE, it is not currently possible to determine whether complex V is an integral part of the S C assembly or merely comigrates with it on the gel. Regardless, the S C protein complex displayed the lowest molecular mass with respect to the other identified supercomplexes. As noted previously, no association of complex II with other complexes was observed, indicating that it is not part of any respiratory supercomplex in cardiac mitochondria [23, 30, 31, 34] (Fig. 2) .
In addition to supercomplex identification, LC-MALDI-MS/MS analysis also denoted protein bands consisting solely of complexes I, II, III or IV (Fig. 2) . Separation of complex V as a single unit could not be optimally achieved using digitonin at the concentrations used. The identity of all proteins separated by BN-PAGE of digitonin-solubilized rat heart interfibrillar mitochondria was also confirmed using Western blot analysis of individual OXPHOS complexes (data not shown).
Mitochondrial supercomplexes are diminished in the aging heart
The same overall separation pattern of proteins was observed by BN-PAGE of digitoninsolubilized cardiac mitochondria isolated from both young and old rats (Fig. 3A) . Nevertheless, with age, most of the electron transport supercomplexes declined in heart interfibrillar mitochondria (S 1 to S 4 , Fig. 3A) . In order to quantify the extent of such an age-related loss, supercomplexes were collectively examined. Summing the normalized densities of protein bands corresponding to S 1 , S 2 , S 3 and S 4 ( Fig. 3A) revealed that interfibrillar mitochondrial supercomplexes collectively diminished by 15% relative to young controls (p < 0.05, n = 4) (Fig. 3B) .
Although practically all the identified high molecular weight assemblies were comprised of complexes I, III and IV (Fig. 2) , not all these supercomplexes deteriorated to the same degree as a function of age. As shown in Figure 3C , the assemblies displaying the highest molecular masses underwent the largest age-related declines. Relative to young controls, supercomplexes S 4 , S 3 and S 2 declined by 21%, 25%, and 13%, respectively (p < 0.05, n = 4) (Fig. 3, A and  D) . There was a trend (p < 0.07, n = 4) for the protein band designated S 1 to also decline with age, but no significant difference (p > 0.05) in the multicomplex assembly named S C was observed. On the other hand, no significant differences (p > 0.05) in the free forms of complexes I and IV were detected; however complex III was diminished by ~12% (p < 0.05, n = 4), relative to young controls (Fig. 3D) . Thus, aging results in lower levels of mitochondrial supercomplexes without a concomitant loss in individual components of the ETC.
DISCUSSION
BN-PAGE was used to separate but maintain mitochondrial proteins in a native architecture [23, 34] . Using this technique, we observed both individual electron transport complexes as well as high molecular weight protein bands previously identified as supercomplexes [23, 34] . Additionally, both LC-MALDI-MS/MS analysis and immunodetection were employed to confirm that these high molecular weight protein bands were indeed macromolecular assemblies of individual ETC components. Thus, analytical techniques of sufficient resolving power were used to investigate age-associated changes to mitochondrial supercomplexes. Nevertheless, we recognize that even though BN-PAGE has been instrumental in showing that individual ETC complexes assemble into supercomplexes, the necessity of membrane solubilization with specific detergents may cause artifactual protein aggregates which in turn affect interpretation of data.
It is clear from our data that significant age-related losses in most identified supercomplexes occur, with those of the highest molecular mass the most severely diminished. As the profile of mitochondrial proteins separated by BN-PAGE was not affected with age (Fig. 3A) , it is reasonable to assume that the loss of supercomplexes is not caused by any age-related deficit of constituent subunits of ETC complexes. However, because the present work constitutes the first characterization of age-dependent changes in supercomplexes, we are aware that BN-PAGE as a technique might produce variations in results when using mitochondrial preparations from young versus old rats. Therefore, the potential contribution of other factors such as a difference in the protein yield between heart mitochondria from young and old animals during solubilization of membranes for BN-PAGE analysis cannot be excluded. The mechanism(s) for the general deterioration in supercomplexes are currently unknown and were not explored in the present work. However, as complex IV is a constituent of all supercomplexes in rat heart mitochondria and also the last component to be incorporated into them [40, 41] , it is enticing to speculate that age-related supercomplex decay is connected with alterations in complex IV. In this regard, Oswald et al. established an association with complex IV and destabilization of supercomplexes when they showed that knockdown of COX17 in HeLa cells resulted in supercomplex loss [42] . Moreover, D'Aurelio and colleagues also observed supercomplex destabilization in human mtDNA cybrids containing a mutation in the cytochrome c oxidase subunit 1 gene (MT-COX1) [43] . Finally, we previously showed that complex IV activity declined with age, which correlated with extensive oxidative modification of this complex [15] . These latter results, together with our present data, may therefore establish a rationale for oxidative protein modification of complex IV and decline in supercomplex assembly. We are presently exploring the connection between alterations in complex IV components and the age-related loss of supercomplexes.
While the age-associated loss of interfibrillary mitochondrial supercomplexes was significant, the degree of diminishment was relatively modest. Thus it will be important to ascertain how these changes are part of the aging mitochondrial phenotype. For perspective, supercomplex deterioration has been observed for both Barth Syndrome [44] and in a patient with classic Leigh Syndrome [40] . Despite severe mitochondrial ultrastructural and respiratory chain defects evident in both cases, only relatively subtle declines in supercomplex levels were noted (~20% for Barth Syndrome, [44] ). Additionally, in an acute heart failure model in dogs, disassembly of mitochondrial supercomplexes only reached 50% relative to control animals [45] . Thus, the apparent subtle loss of supercomplex levels observed in our present study (i.e. 15%) is not far below that seen in overt pathologies connected to mitochondrial dysfunction. Therefore, even seemingly small deficits in mitochondrial supercomplex levels may significantly impact ETC function. In this regard, our results may at least partly account for the decline in oxidative capacity evident in the aging rat heart [3, 13, 32, 33, 46] .
The data presented herein are also important for the so-called "respiratory string model" proposed by Schagger and colleagues [23] [24] [25] . This model postulates that the ETC exists as long super-assemblies that wrap the cristae and efficiently transfer electrons to O 2 . If this model is correct, then the supercomplexes noted by BN-PAGE are themselves fragments of even higher ordered ETC strings [25, 47] . Our results interpreted in relation to this model indicate that aging leads to respiratory string destabilization in rat heart mitochondria. A schematic representation of this scenario is depicted in Figure 4 . An extension of this concept further suggests that if electron transport supercomplexes limit formation of reactive oxygen intermediates as previously suggested [23] , age-associated destabilization of respiratory strings would promote production of oxidants and oxidative damage, which have been observed in isolated rat cardiac myocytes in general [32] , and interfibrillar mitochondria in particular [15, 33] . Nevertheless, this interpretation requires further investigation as the current evidence in support of supercomplexes has been not sufficient to mitigate all doubts about the physiological existence of such a supramolecular organization of the ETC.
Despite the implications for deficits to ETC function, the precise mechanism(s) involved in the age-associated loss of rat heart mitochondrial supercomplexes have yet to be elucidated. As individual ETC components do not decline with age, our data suggest that either supercomplex formation is impaired or the rate of decomposition is accelerated. Aside from changes to complex IV, evidence has accumulated suggesting that cardiolipin promotes supercomplex assembly [44, 48, 49] . Because cardiolipin has been observed to decline and/or its acyl side-chain composition changes with age [13, 50] , it is tempting to think that age-related deficits in cardiolipin content may be responsible for a destabilization of supercomplexes. However, Hoppel and colleagues provided evidence that interfibrillary mitochondria of the aging rat heart have no age-associated decrements in cardiolipin, belying previous reports to the contrary [51] . Thus, additional work is warranted in order to define the role that cardiolipin plays in age-associated supercomplex deficits.
Another possibility contributing to loss of supercomplexes may result from an age-related alteration of the mitochondrial proteome. In this regard, prohibitins have become very interesting targets since such proteins have been observed to regulate the assembly of the ETC [52] , and appear to play an important role during aging [53] [54] [55] . We are currently examining the potential for both cardiolipin and/or age-associated alterations to ETC assembly to constitute the mechanism(s) associated with supercomplex degradation with age. The levels of individual electron transport complexes of rat heart interfibrillary mitochondria do not change with age. (A) Heart interfibrillar mitochondria were isolated from young (Y: 5 months, n = 4) and old (O: 24 months, n = 4) Fischer 344 rats, and membranes were solubilized with a DDM-to-protein ratio of 2:1 (w/w). NativeMark (Invitrogen, Carsbad, CA, USA) was used as a molecular weight standard for proteins separated by BN-PAGE. (B) Levels of complexes I, III and IV were calculated using the density of Coomassie-stained proteins. In order to control for differences in protein-loading, the density of each complex was normalized to the density of complex II from the corresponding lane. (C) In separate experiments, mitochondrial proteins were separated by BN-PAGE as indicated in (A), and Western blot analysis was used for identification of individual electron transport complexes. Mitochondrial complexes were detected using monoclonal antibodies against the following subunits: 39 kDa of complex I, 70 kDa of complex II, core 2 of complex III and subunit I of complex IV, as described in Materials and Methods. (D) Levels of complexes I, III and IV were calculated using densitometric analysis after identification of proteins by Western blot. In order to control for differences in protein-loading, the density of each complex was normalized to the density of complex II from the corresponding lane. I, II, III 2 , IV and V denote individual OXPHOS complexes. All results are presented as the mean ± SEM, and plotted as a percentage of the mean from young controls. Identification of electron transport supercomplexes in rat heart interfibrillar mitochondria by LC-MALDI-MS/MS analysis. Mitochondrial proteins were separated on a 3-12% Bis-Tris gradient polyacrylamide gel by one-dimensional BN-PAGE. Individual mitochondrial OXPHOS complexes were detected using LC-MALDI-MS/MS analysis. The most representative protein subunits detected for each OXPHOS complex are displayed. I, II, III 2 , IV and V denote individual OXPHOS complexes. S C to S 4 indicate different mitochondrial supercomplexes. All proteins were identified by MASCOT (Matrix Science, Boston, MA, USA) using the parameters described in Materials and Methods. Subunits are named according to the designation approved by the Protein Knowledgebase (UniProtKB) (http://www.uniprot.org/). Results are representative of three mitochondrial preparations. Mitochondrial electron transport supercomplexes are diminished in the aging rat heart. (A) Heart interfibrillar mitochondria were isolated from young (Y: 5 months, n = 4) and old (O: 24 months, n = 4) Fischer 344 rats, and solubilized with a digitonin-to-protein ratio of 8:1 (w/ w). NativeMark (Invitrogen, Carsbad, CA, USA) was used as a molecular weight standard for proteins separated by BN-PAGE. (B) From each lane, the total levels of supercomplexes were estimated by summing the densities of the four protein bands corresponding to supercomplexes (i.e. S 1 -S 4 ). In order to control for differences in protein-loading, the density of each supercomplex was normalized to the density of complex II from the corresponding lane. Schematic representation of the age-related destabilization of the mitochondrial ETC "respiratory string". "ROS" denotes reactive oxygen species.
